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1. Introduction 
A synaptic release site is characterized by a pool of synaptic vesicles aggregated to an active 
zone at the presynaptic plasma membrane. When an action potential arrives, calcium 
channels in the active zone open to generate a steep increase in calcium concentration. 
Calcium binds the synaptic vesicle protein synaptotagmin which promotes its interaction 
with the SNARE complex and with the plasma membrane, together triggering fusion of the 
synaptic vesicle membrane with the plasma membrane (1). Following fusion, the synaptic 
vesicle membrane needs to be removed from the plasma membrane to prevent its 
expansion, and recycling of the vesicle components is needed to refill the pool of vesicles at 
the release site. 
An outline of the steps in the recycling of a synaptic vesicle is depicted in Figure 1. The 
vesicle membrane first moves out from the active zone into the periactive zone. The 
mechanism behind such movement is unclear but it is critical in order to maintain the 
function of the active zone. Impaired clearance of vesicle components from the release site 
has been linked with depression of neurotransmtter release (2). After the vesicle membrane 
has reached the periactive zone, clathrin and accessory endocytic factors accumulate to 
begin the nucleation of a clathrin coat. The coat grows and invaginates until a deeply 
invaginated coated pit with a narrow neck has formed. The neck of the coat is then 
surrounded by a dynamin-containing ring or short spiral, which helps to cut off the neck. 
The free vesicle rapidly sheds its coat and it may be directly refilled with neurotransmitter 
and prepared for a new round of release. Alternatively, the primary endocytic vesicle may 
first fuse with an endosome, prior to undergoing a second endosomal budding step to yield 
a new synaptic vesicle. Although the presence of an endosomal recycling route has been 
well established (3,4) its precise role in vesicle cycling is not fully clear. It may potentially be 
used to recycle readily releaseable vesicles (5), or it may participate in refilling the reserve 
pool during extended periods of synaptic activity (6). The endosomal route may be used 
more extensively in subsets of synapses (7). 
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2. Clathrin-mediated endocytosis as the main synaptic vesicle recycling 
pathway 
The model of synaptic vesicle recycling shown in Figure 1 has its origin in quick-freeze 
studies performed at the frog neuromuscular junction 8, and microinjection studies 
performed in giant synapses in lamprey and squid (9-11). In the latter type of experiments a 
compound - antibody, toxin or peptide - that disrupts the function of an endocytic protein 
(or a protein-protein interaction) is microinjected into the presynaptic cytoplasm. When the 
microinjected synapse is examined at rest, the synaptic structure is normal. However, 
repetitive stimulation uncovers defects in synaptic vesicle recycling. These include loss of 
synaptic vesicles, expansion of the plasma membrane, and accumulation of clathrin-coated 
endocytic intermediates in the periactive zone. Depending on which protein is perturbed, 
the structure of the accumulated intermediates may differ. For instance, if the clathrin/AP2-
binding region of epsin is perturbed, enlarged coated pits with wide necks occur (Fig. 2). In 
contrast, if dynamin - SH3 domain interactions are perturbed, deeply invaginated coated 
pits with narrow necks appear (Fig. 3). If synaptojanin is perturbed, free clathrin coated 
vesicles accumulate as a sign of impaired uncoating (12) .  
 
Figure 1. Model of clathrin-mediated synaptic vesicle endocytosis. Synaptic vesicles partially or 
completely fuse with the presynaptic membrane at the active zone and release neurotransmitter into the 
synaptic cleft. The membrane of the fused vesicles then diffuses laterally to the areas outside the active 
zone where it is retrieved by clathrin-mediated endocytosis. Clathrin-coated vesicle formation involves 
several morphologically distinct steps, from clathrin coat binding, invagination of the coated bud, 
constriction and fission of the pit ‘neck’ and the subsequent stripping of the clathrin coat from the 
newly formed vesicle. The vesicle is then either directly transported back to the cluster of synaptic 
vesicles or translocated to a primary endosomal compartment. During endocytosis and migration to the 
release site vesicles are refilled with transmitter (NT). Reproduced from ref 17. 
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Figure 2. Microinjection of antibodies to the CLAP region of epsin increases the size of coated pits. 
Electronmicrographs show the periactive zone area in lamprey giant reticulospinal axons stimulated at 
5 Hz following microinjection. A-B, Shallow coated pits from control (A) and CLAP antibody-injected 
(B). C-D, Examples of non-constricted (bucket-shaped) coated pits from control (C) and CLAP antibody-
injected axons (D). Scale bars = 100 nm. Reproduced from ref 85. 
 
Figure 3. Microinjection of the SH3 domain of amphiphysin traps coated pits with narrow necks. The 
electronmicrograph shows the periactive zone area in a lamprey giant reticulospinal axon, and a 
synaptic release site with clustered synaptic vesicles is visible to the right. The axon was stimulated at 
0.2 Hz for 30 min prior to fixation Scale bar = 200 nm. Reproduced from ref 28. 
The requirement of clathrin in synaptic vesicle recycling has also been demonstrated in 
experiments using photoinactivation of a transgenically encoded protein (FlAsH-FALI 
method) (13,14). The technique is based on the use of a short tetracysteine epitope tag that 
covalently binds a membrane permeable dye, Lumio. When excited with fluorescent light, 
Lumio inactivates the tagged protein. Following tagging of the clathrin light or heavy chain, 
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illumination followed by repetitive stimulation causes a complete loss of synaptic vesicles 
along with massive accumulation of plasma membrane folds in the terminals (13,14). The 
importance of clathrin-mediated synaptic vesicle endocytosis has also been demonstrated in 
real-time imaging experiments using synaptic vesicle proteins tagged with a pH-sensitive 
reporter (15). Granseth et al showed that brief action potential stimulation is followed by an 
endocytic response (due to loss of the acidic pH in the vesicles) with a time course of about 
15 s. Such responses were abolished in neurons in which the expression of the clathrin 
heavy chain had been knocked down by RNAi (16). In addition to the studies mentioned 
above, a number of genetic studies performed in C. elegans, Drosophila and mice support 
the critical role of clathrin-mediated synaptic vesicle endocytosis (15,17). In fact, the 
molecular analysis once began with studies in a temperature-sensitive paralytic Drosophila 
mutant, shibire (18,19). Following the discovery that the shibire mutation is situated in the 
dynamin gene (20,21) a network of interconnected endocytic proteins could be identified 
(15,22). 
In the present chapter we will only briefly comment on other, non-clathrin mediated 
mechanisms of synaptic vesicle recycling. One such mechanism of clathrin-independent 
membrane internalization is termed bulk endocytosis. Large membrane cisternae are 
internalized and subsequently converted to synaptic vesicles, but the budding mechanism 
involved is not well defined. In some model systems, like cerebellar granule cell synapses, 
bulk endocytosis has been examined in detail and it has been been found to operate under 
conditions of physiological stimulation (23). In many studies, however, the occurrence of 
bulk endocytosis in nerve terminals has been linked to non-physiological conditions, 
including excessive stimulation, or moderate stimulation combined with disruption of the 
clathrin machinery (15,24). The term kiss-and-run refers to a mode of recycling that involves 
a transient opening and closing of a fusion pore without loss of the vesicle´s integrity. The 
functional role of kiss-and-run recycling has been the matter of lively debate (25,26). 
Evidence in favor of the kiss-and-run phenomenon has mainly been obtained in imaging 
studies. Studies detailing the behavior of single pH-sensitive quantum dots trapped in 
individual synaptic vesicles in hippocampal boutons supports the possibility that synaptic 
vesicles can open transiently (27). Further studies, however, are required to determine the 
generality of this phenomenon and its possible implications for synaptic transmission. 
3. A storage pool of endocytic proteins is associated with synaptic release 
sites 
Early models of synaptic recycling often assumed that endocytic proteins occur in a 
diffusible cytoplasmic pool from which they are recruited to the plasma membrane to 
participate endocytosis. This appears, at least for most proteins, not to be case. In contrast, 
endocytic proteins have been found to be distinctly accumulated at release sites. Following 
the observation that an SH3 domain (of amphiphysin) bound tightly to synaptic vesicle 
clusters (28), it was shown by immunogold labeling that many endocytic proteins including 
dynamin, amphiphysin, epsin, endophilin and intersectin accumulate within the vesicle 
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cluster (29). The cluster-associated protein pool can be mobilized by synaptic activity. Thus, 
after a period of repetitive stimulation the endocytic proteins partly dissociate from the 
synaptic vesicles and appear at the plasma membrane in the periactive zone (30-32). Such 
protein redistibution has also been observed in live imaging experiments. The clathrin 
heavy chain is found to be concentrated in the center of release sites at rest but rapidly 
redistibutes to the periphery upon stimulation (16). Interestingly, not only endocytic, but 
also other soluble presynaptic proteins, such as synapsin, NSF, rab3, and rabphilin reside in 
the cluster at rest and redistribute peripherally upon stimulation (33,34). In agreement, in 
vitro studies showed that these proteins bind reversibly to synaptic vesicles. It was 
suggested by Denker et al that the presence of a cluster of synaptic vesicles (larger than 
what is needed to support neurotransmitter release) provides a buffer site for proteins near 
synaptic release sites (34). What regulates the mobilization of proteins from the synaptic 
vesicle cluster? The work of Denker et al suggest that calcium is one important factor, but 
other factors may also be required. In a study of synapsin, Orenbuch et al found that not 
only calcium influx and phosphorylation of synapsin, but also exocytosis is required in 
order for synapsin to redistribute from synaptic vesicle clusters (Orenbuch et al J 
Neurochem, in press). It will be interesting to examine whether mobilization of endocytic 
proteins from the synaptic vesicle cluster also requires a signal associated with exocytosis. 
4. Early events in synaptic vesicle endocytosis 
The model of synaptic vesicle recycling depicted in Figure 1 may suggest that synaptic 
vesicle membrane is absent from the periactive zone until it has fused in the active zone and 
moved laterally. It is now becoming increasingly clear, however, that some synaptic vesicle 
membrane resides in the axonal plasma membrane in between periods of exo- and 
endocytosis. Thus, in resting hippocampal nerve terminals, extracellularly applied 
antibodies to the luminal domain of synaptotagmin binds the axonal surface near release 
sites (35). Studies employing antibodies with pH-sensitive tags have further shown that a 
plasma membrane-resident pool of synaptotagmin is preferentially endocytosed at the onset 
of a bout of endocytosis (36). These findings indicate that a subset of ”readily retrievable 
vesicles” occur in the periactive zone and can be endocytosed rapidly upon stimulation. The 
protein components in this vesicular membrane pool may be sorted and packaged to 
facilitate rapid endocytosis (37).  
With regard to the precise order of recruitment of endocytic proteins to the periactive zone 
information is as yet limited. This contrasts with the detailed information that has been 
obtained in non-neuronal cells grown on glass slides in which protein movement near the 
plasma membrane can be tracked by total internal reflection (TIRF) microcopy (38). These 
studies indicate that among the first proteins to occur at the plasma membran is the F-BAR 
protein FCHo1/2, followed by the scaffold proteins eps15 and intersectin. Different adaptor 
proteins are then recruited while clathrin shows a slow build-up terminating at scission. 
Dynamin is present at low levels from early stages but exhibits a peak just before scission. A 
similar behavior is also observed for endophilin and synaptojanin (38,39).  
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5. What triggers synaptic vesicle endocytosis? 
The simplest answer to the question of what triggers synaptic vesicle endocytosis would be 
the vesicle membrane itself. It is known that (clathrin-mediated) retrieval of synaptic vesicle 
membrane can be temporally dissociated from action potential-induced calcium influx (40). 
Thus, calcium influx is not needed to trigger endocytosis. Moreover, compensatory synaptic 
vesicle endocytosis can occur after non-calcium-dependent triggering of exocytosis by 
hypertonic sucrose stimulation (41). The synaptic vesicle membrane thus appears to contain 
components capable of inducing its reinternalization. However, in the absence of calcium 
influx, the time-course of endocytosis is slower than that seen under normal conditions of 
calcium-triggered release. Indeed, several studies have shown that calcium can accelerate 
endocytosis (42,43). Several proteins have been implicated as calcium sensors for 
endocytosis, including calmodulin (44), calcineurin (45) and synaptotagmin (46). At present, 
it remains unclear whether different synapses utilize different trigger mechanisms. One of 
the most detailed investigations of an endocytic calcium sensor was recently performed in 
hippocampal neurons (41). These authors examined synaptotagmin, the trigger of fast 
synchronous exocytosis (47,48), which also is also implicated in endocytosis (49). 
Interestingly, Yao et al found that the calcium dependence of synaptotagmin in exo- and 
endocytosis could be uncoupled. Either the C2A or C2B domain of synaptotagmin could 
function as calcium sensor for endocytosis, whereas only the C2B domain effectively 
supported exocytosis. It was also found that retargeting of synaptotagmin to the plasma 
membrane abolished the calcium dependence of endocytosis but not that of exocytosis. 
Synaptotagmin thus appears two play distinct roles, one as a calcium sensor that triggers 
fast synchronous exocytosis and another as a calcium sensor that speeds up endocytosis. 
6. Recycling of SNARE proteins 
The role of SNARE (soluble NSF attachment protein receptors) proteins in synaptic vesicle 
fusion have been described in great detail (50), but the subsequent fate of the SNARE 
complex and its components synaptobrevin, syntaxin and SNAP25 have been less well 
studied. Initial studies suggested that disassembly of the SNARE proteins occurs shortly 
before fusion such that NSF is in a position to regulate the kinetics of neurotransmitter 
release (51). More recent studies, however, suggest that SNARE complex disasembly occurs 
much earlier, even before synaptic vesicle endocytosis. Imaging studies showed that 
syntaxin remains in the plasma membrane after synaptic vesicles have been endocytosed, 
indicating that complex dissasembly preceeds endocytosis (52). Moreover, it was shown that 
NSF and SNARE proteins accumulate in the periactive zone after inhibition of NSF function 
53. It is quite possible that, following its disassembly, synaptobrevin participates in clathrin-
mediated endocytosis. Synaptic vesicle endocytosis is impaired in synaptobrevin-deficient 
mice (54), and the endocytic adaptors AP180 and CALM have been found to bind 
synaptobrevin. Notably, these adaptors bind at a site within the SNARE domain that is only 
accessible after the SNARE complex has been disassembled. Together these observations 
indicate that SNARE complex disassembly occurs within the plasma membrane of the 
periactive zone prior to the onset of synaptic vesicle endocytosis, and they further suggest 
that synaptobrevin may facilitate clathrin-mediated endocytosis. 
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7. BAR domains – Membrane benders or membrane binders?  
Proteins with BAR domains have attracted much interest due to the striking structural 
features of this domain. Two BAR domains form a dimer with a concave surface that can 
bind phospholipid membranes (22,55). Hence BAR domains have been implicated as 
inducers of curvature and as curvature-sensing modules that bind membrane domains with a 
given curvature. Endophilin is the BAR protein that has attracted most interest in the 
synaptic vesicle field, both because it is expressed in nerve terminals in organisms ranging 
from worms and flies to mammals, and because it interacts with dynamin and synaptojanin 
(56). The effect of perturbing endophilin has been tested in many studies, all of which point to 
an important role of the protein. Endophilin has been suggested to act at multiple steps in 
synaptic vesicle endocytosis. A role early in the endocytic reaction was suggested by the 
finding that shallow coated pits can be trapped by endophilin antibody microinjection in the 
lamprey giant axon. This phenomenon has also seen in Drosophila after genetic reduction of 
the endophilin levels (57-59). Endophilin has been detected by immunogold labeling at the 
rim of shallow coated pits (32). These obervations are possibly compatible with a membrane 
bending role of endophilin at an early stage of endocytosis, but such a function has not yet 
been supported by studies in mammalian models (see below). Second, a role for endophilin 
in recruitment of dynamin to the neck of coated pits has been proposed. Endophilin occurs at 
the proximal part of the neck of coated pits, and peptides competing the endophilin – 
dynamin interaction inhibit formation of dynamin rings as well as subsequent membrane 
fission (12,32 see also 60). Finally, endophilin has been linked with vesicle uncoating by its 
interaction with synaptojanin. In the lamprey giant axon perturbation of the endophilin – 
synaptojanin interaction results in accumulation of numerous free clathrin coated vesicles, in 
addition to deeply invaginated coated pits. In mice lacking all three endophilin genes nerve 
terminals were found to contain large numbers of free clathrin coated vesicles (that are nearly 
absent in wild-type animals) (61). Somewhat surprisingly, in the mouse model no other type 
of endocytic intermediate was accumulated. Moreover, in both C. elegans and Drosophila the 
phenotype of synaptojanin mutants closely resembled that of endophilin mutants, and 
endophilin was found to be required for localization of synaptojanin to nerve terminals 
(62,63). It is therefore likely that a principal function of endophilin in nerve terminals is to 
mediate recruitment of synaptojanin to the vesicle neck to support uncoating. Hence, a role of 
the BAR domain of endophilin as a binder rather then a bender appears most plausible. 
8. New insights into dynamin function and membrane fission 
Different models have been proposed to account for the role of dynamin in catalyzing 
endocytic membrane fission (64,65). The most recent models incorporate rich high-
resolution structural information. The crystal structure of full-length dynamin has been 
determined by taking advantage of assembly-deficient mutants (66,67). Insight into the 
organization of assembled dynamin multimers has been gained by computer docking of 
domain crystal structures into cryo-EM images (68). These studies suggest that initial 
constriction of the coated pit neck, triggered by GTP binding and structural changes in the 
middle domain of dynamin, promotes GTP domain dimerization between tetramers in 
adjacent helical rungs. Assembly-stimulated GTP hydrolysis is suggested to induce a 
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rotation that provides force, and propagation of this change could cause further constriction 
of the neck leading to fission. Moreover, in vitro studies have provided detailed insight into 
the dynamic behavior of dynamin at membranes. It was found that the extended dynamin 
spirals that form around lipid tubules in the absence of GTP (69) do not effectively promote 
fission. Instead assembly of short spirals followed by disassembly led to membrane fission 
(70). Moreover, dynamin alone can form self-limited assemblies that drive vesiculation from 
a lipid surface in the presence of GTP 71 (Fig. 5A).  
 
Figure 4. Dynamin-induced vesiculation and its modulation by EHD. A, Vesiculation in vitro from 
rhodamine-labeled SUPER templates induced by application of dynamin in the constant presence of 
GTP (1 mM GTP and ATP present in A and B). The trace with the response to dynamin (dyn) is 
superimposed on the trace preceeding addition of dynamin (-protein) B, Vesiculation was suppressed 
when dynamin was co-applied with l-EHD. C, Reduced inhibitory effect of l-EHD on dynamin-induced 
vesiculation in the constant presence of GTP after replacement of ATP with ATPγS (1 mM). D, 
Application of dynamin in the constant presence of GTPS induced formation of narrow tubules (1 mM 
GTPS and ATP present in D-F). E, Tubule formation was suppressed when dynamin was co-applied 
with l-EHD. F, Reduced inhibitory effect of l-EHD on dynamin-induced tubulation in the constant 
presence of GTPγS after replacement of ATP with ATPγS. Scale bars=5 m. Reproduced from ref 75. 
Under in vivo conditions the function of dynamin depends strictly on interactions with other 
proteins. In particular, interactions with SH3 domains are important. As indicated above, 
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perturbation of dynamin - SH3 domain interactions blocks endocytosis at a late stage (Fig. 
3). In this case, dynamin rings do not form suggesting that SH3 interactions are needed for 
proper recruitment or assembly of dynamin at the neck of the coated pit. Several proteins 
may mediate SH3 domain interactions with dynamin in nerve terminals, including 
amphiphysin, endophilin, intersectin, SNX9 and syndapin. It may be noted, however, that in 
Drosophila (and possibly in other invertebrates) neither amphiphysin nor syndapin are 
expressed in nerve terminals (72,73).  
Recent studies performed in the lamprey giant reticulospinal synapse indicate that extrinsic 
proteins not only regulate the recruitment of dynamin, but they may also control the length of 
the dynamin spiral. Eps15 homology domain-containing proteins (EHDs) are conserved 
ATPases implicated in membrane remodelling, primarily in endosomal traffic. EHD1 is 
enriched at synaptic release sites (74), suggesting a possible involvement in the trafficking of 
synaptic vesicles. The role of EHD in this function has been analyzed in the lamprey giant 
reticulospinal synapse. EHD1/3 was detected by immunogold at endocytic structures adjacent 
to release sites. In antibody microinjection experiments, perturbation of EHD inhibited 
synaptic vesicle endocytosis and caused accumulation of clathrin-coated pits with atypical, 
elongated necks (Fig. 5). The necks were covered with helix-like material containing dynamin 
(75). To test whether EHD directly interferes with dynamin function, fluid supported bilayers 
were used as in vitro assay. EHD strongly inhibited vesicle budding induced by dynamin in 
the constant presence of GTP (Fig. 4A-C). EHD also inhibited dynamin-induced membrane 
tubulation in the presence of GTPγS (Fig. 4D-E) a phenomenon linked with dynamin helix 
assembly. Taken together the in vivo and in vitro results suggest that l-EHD acts to limit the 
formation of long, unproductive dynamin helices, thereby promoting vesicle budding (75). 
 
Figure 5. Immunogold localization of dynamin at endocytic pits with elongated necks trapped after 
perturbation of EHD. A, Examples of coated pits with long necks decorated with dynamin immunogold 
labeling in lamprey giant axons stimulated after microinjection of EHD antibodies. Scale bar=0.2 m. B, 
Regression analysis of dynamin labeling and length of coated pits in EHD antibody-injected axons 
(R2=0.43, n=45, 0.05<p<0.01, Pearson’s correlation coefficient). Reproduced from ref 75. 
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9. Possible implications of synaptic vesicle endocytosis for disease 
mechanisms 
Knowledge about the mechanisms of synaptic vesicle endocytosis is not only important for 
our understanding of synaptic information processing, but may potentially also shed light 
on pathogenetic mechanisms. One aspect conerns toxins and infectious agents that may hi-
jack the synaptic endocytic machinery to enter neurons (76-78). Another aspect concerns the 
possible role of endocytosis in neurodegenerative disorders that affect synapses. For 
instance, Lewy body pathology, occurring in Parkinson and other disorders, may involve 
endocytic uptake of α-synuclein fibrils that induce intracellular fibril formation, which in 
turn leads to synaptic dysfunction (79). Synaptic endocytosis has also been implicated in the 
pathogenesis of Alzheimer´s disease. For instance, part of the processing of the amyloid 
precursor protein (APP), into synaptotoxic  amyloid beta peptides appears to occur in nerve 
terminals in an endocytosis-dependent manner. Thus, microdialysis studies have shown 
that the extracellular A pool in brain is elevated by enhanced synaptic activity and lowered 
after inhibition of synaptic endocytosis (80-82), Accordingly, formation of A in a neuronal 
cell line has been shown to be suppressed by knock-down of the clathrin adaptor AP180 
(83). It is also interesting to note that -secretase, that cleaves APP, is present in nerve 
terminals (84). 
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